The ability of proteins to locate specific sites or structures among a vast excess of nonspecific DNA is a fundamental theme in biology. Yet the basic principles that govern these mechanisms remain poorly understood. For example, mismatch repair proteins must scan millions of base pairs to find rare biosynthetic errors, and they then must probe the surrounding region to identify the strand discrimination signals necessary to distinguish the parental and daughter strands. To determine how these proteins might function we used single-molecule optical microscopy to answer the following question: how does the mismatch repair complex Msh2-Msh6 interrogate undamaged DNA? Here we show that Msh2-Msh6 slides along DNA via one-dimensional diffusion. These findings indicate that interactions between Msh2-Msh6 and DNA are dominated by lateral movement of the protein along the helical axis and have implications for how MutS family members travel along DNA at different stages of the repair reaction.
INTRODUCTION
Postreplicative mismatch repair (MMR) corrects DNA synthesis errors before they lead to genomic instability (Hsieh, 2001; Kunkel and Erie, 2005; Modrich and Lahue, 1996) . This repair pathway increases the fidelity of DNA replication by up to 1000-fold, and cells harboring mutations in MMR proteins suffer from an increased frequency of spontaneous mutation (Kunkel and Erie, 2005; Modrich and Lahue, 1996) . In E. coli, MutS, MutL, and MutH promote strand-specific repair by taking advantage of the transiently unmethylated state of the newly synthesized strand. MutS binds mismatched DNA and together with MutL activates the MutH endonuclease. This leads to cleavage of the daughter strand at the nearest hemimethylated dGATC, which provides entry for other proteins that complete the downstream steps of the pathway (Kunkel and Erie, 2005; Lahue et al., 1989) .
Many MMR proteins are conserved throughout evolution (Kunkel and Erie, 2005; Modrich, 2006) . In S. cerevisiae and humans, the Msh2-Msh6 heterodimer (MutS homolog) is responsible for the recognition and repair of mispaired bases and small insertion/deletion loops (Kunkel and Erie, 2005; Modrich, 2006) . The importance of Msh2-Msh6 is highlighted by the finding that mutations in MMR proteins lead to hereditary nonpolyposis colorectal cancer (HNPCC) and may influence the onset of up to 25% of other sporadic tumors (reviewed in Modrich, 2006) .
MutS and Msh2-Msh6 resemble clamps that encircle DNA ( Figure 1C ; Gradia et al., 1999; Kunkel and Erie, 2005; Lamers et al., 2000; Obmolova et al., 2000; Warren et al., 2007) . The bound DNA is kinked by 45 -60 , and the relative ease with which a mismatch can be distorted may play an important role in target discrimination (Yang, 2006) . After mismatch binding, identification of the strand discrimination signals can occur at sites R1 kb away from the lesion (Kunkel and Erie, 2005; Modrich, 2006) . Several models have been proposed to explain how recognition occurs at the distal location, including: (1) ''active translocation,'' where the protein uses the free energy released from the hydrolysis of ATP to move along the DNA (Allen et al., 1997; Blackwell et al., 1998) ; (2) the ''molecular switch'' model in which ATP binding triggers a conformational change enabling the protein to passively slide along the DNA (Gradia et al., 1999; Mendillo et al., 2005) ; and (3) ''static transactivation'' where interactions are governed by a through-space collision between the stationary mismatch-bound protein and the distal site (Ban et al., 1999; Lamers et al., 2000; Obmolova et al., 2000) . The mechanism by which this occurs remains controversial; nevertheless, accumulating evidence supports the notion that MutS-related proteins can form ''sliding clamps'' on DNA after recognition of a lesion and subsequent exchange of ADP for ATP (Gradia et al., 1999; Jiang et al., 2005; Mendillo et al., 2005; Pluciennik and Modrich, 2007) .
In contrast to the postrecognition events, few studies have addressed how DNA is scanned before a lesion (A) Biotinylated l-DNA (48,502 bp) was tethered by both ends to solid anchor points on a microfluidic sample chamber surface otherwise coated with a lipid bilayer. Msh2-Msh6 was labeled with QDs and injected into the sample chamber. (B) Panel shows images of a YOYO1-stained DNA (green) bound by . When the DNA is broken, both it and the bound proteins diffuse away from the sample chamber surface (Movie S1). Off-axis signals correspond to proteins that were not bound to the DNA. (C) Atomic structure illustrating the clamp-like appearance of T. aquaticus MutS in the presence and absence of DNA (Obmolova et al., 2000) .
has been located; this inattention is largely due to the lack of experimental methods capable of directly probing detailed dynamic aspects of these mechanisms. As a consequence, many kinetic schemes have inferred that mismatch binding occurs through a random collision mechanism (Blackwell et al., 2001; Yang et al., 2005; Mazur et al., 2006; Jacobs-Palmer and Hingorani, 2007) . The problem of lesion recognition is best illustrated by considering the small number of potential targets that Msh2-Msh6 must locate within the genome. The intrinsic error rate of replicative DNA polymerases yields approximately one mispair per 10 million bases, and S. cerevisiae, with a diploid genome of 2.4 3 10 7 base pairs, will only incur approximately two mispaired bases with each replication cycle (Fortune et al., 2005; Kunkel, 2004) . Several models have been developed to describe how proteins might search for their targets (Berg et al., 1981; Halford and Marko, 2004; von Hippel and Berg, 1989) . These include (1) random collision through three-dimensional (3D) space; (2) hopping, wherein the protein moves along DNA through a series of microscopic dissociation and rebinding events; (3) intersegment transfer, in which a protein containing multiple DNA-binding domains can move from one location to another via a looped intermediate with two simultaneously bound sites; (4) sliding, which posits that the protein can move along the DNA via 1D diffusion; and (5) active translocation, which is a possibility for proteins that have intrinsic nucleotide hydrolysis activity.
To determine which model(s) might contribute to the mechanisms of MMR, we sought to answer the following question: how does Msh2-Msh6 travel along undamaged duplex DNA? We used total internal reflection fluorescence microscopy (TIRFM) to visualize the behavior of Msh2-Msh6 as it interacted with individual molecules of DNA. These experiments revealed that Msh2-Msh6 could slide along the helical axis of DNA via 1D diffusion. This movement did not require mismatch recognition or ATP hydrolysis, and was driven by thermal energy. Our data were consistent with a model in which Msh2-Msh6 rotates in register with the phosphate backbone while maintaining constant contact with the DNA. We also show that Msh2-Msh6 can reversibly enter a nondiffusing, immobile state. Importantly, the immobile proteins rapidly convert back to a diffusive state in a reaction that is dependent upon nucleotide exchange. We propose a model in which Msh2-Msh6 could slide or be pulled along DNA behind a replication fork while scanning the newly synthesized strands for lesions.
RESULTS
Visualizing Msh2-Msh6 on Single Molecules of DNA We have developed a TIRFM-based approach for probing the dynamics of protein-DNA interactions at the singlemolecule level ( Figure 1A ; Graneli et al., 2006b ). This method relies on l-DNA (48,502 bp) tethered by both ends to anchor points on a surface otherwise coated with a lipid bilayer. Proteins bound to the DNA are suspended above the bilayer and contained within an inert microenvironment. The DNAs are maintained in an extended configuration and confined within the detection volume defined by the penetration depth of the evanescent field ( Figure 1A ; Graneli et al., 2006b) .
HA-tagged Msh2-Msh6 from S. cerevisiae was labeled with antibody-conjugated quantum dots (QDs; see the Supplemental Data available with this article online). We confirmed that this labeling strategy did not interfere with the biochemical behaviors of Msh2-Msh6 by performing ATP hydrolysis and DNA-binding assays in the presence and absence of the QDs ( Figure S1 ). These assays, and additional evidence presented below, demonstrated that the labeled proteins retained normal biochemical properties.
To probe the behavior of Msh2-Msh6 at the single-molecule level, a tethered DNA was located by staining with YOYO1 (0.5 nM). This low concentration of dye did not perturb the behavior of the protein in any of the bulk assays (data not shown). Msh2-Msh6 was then injected along with ADP and incubated for a brief period, and unbound proteins were rinsed from the flowcell. Using this approach, we detected colocalization of the QD-Msh2-Msh6 complex with the YOYO1-stained DNA ( Figure 1B) . Controls using QDs with either no Msh2-Msh6 or with Msh2-Msh6 that lacked the HA tag did not yield any DNA-bound complexes (data not shown). This confirmed that the colocalized fluorescent signals were due to specific interactions between Msh2-Msh6 and the DNA. We verified that the protein complexes were bound to DNA by breaking the YOYO1-stained molecules at a high photon flux ( Figure 1B) . When a break occurred, both the DNA and the proteins drifted out of the evanescent field ( Figure 1B and Movie S1), confirming that the proteins were bound to the DNA and were not stuck to the bilayer.
Msh2-Msh6 Slides on DNA via 1D Diffusion
Movies were captured with an electron-multiplying CCD (EMCCD) to monitor the behavior of Msh2-Msh6. As shown in Figure 2 , Msh2-Msh6 moved along the individual DNA molecules over distances that spanned several kilobases (Movie S2). These experiments were done in the presence of 1 mM ADP (Figure 2 ), so the observed motion was not dependent upon ATP hydrolysis. This was consistent with previous suggestions that Msh2-Msh6 may be in ''search mode'' while in the ADP-bound state (Gradia et al., 1999; Jacobs-Palmer and Hingorani, 2007) . The same type of movement was observed in experiments performed with either 1 mM ATP or no added nucleotide (see below). Sliding was seen at NaCl concentrations ranging from 50 mM up to 250 mM, but at higher salt concentrations the proteins rapidly dissociated from the DNA (see below). There was no buffer flowing during the data collection, eliminating the possibility that the proteins were being pushed along the DNA. At the outset of the reactions almost all of the proteins (>90%) slide along the DNA, but over longer incubations (several minutes) 50% of the bound proteins stopped moving (Figure 2 and see below). Immobile proteins occasionally resumed sliding ( Figure 2E and Figure S2 ), suggesting entry into the nondiffusing state was reversible.
The movement of Msh2-Msh6 was analyzed with a tracking algorithm that located the centroid of each complex (Supplemental Data). Figure 3A shows a kymogram of a diffusing Msh2-Msh6 complex and the inset highlights the rapid blinking behavior of the QD, indicating that the signal is due to a single QD. Figure 3B shows the trace generated from the tracking algorithm superimposed on the kymogram of the mobile protein. The tracking data and a corresponding plot of mean-squared-displacement (MSD) versus time interval are shown in the lower panels ( Figures 3C and 3D , respectively). For unbiased 1D diffusion, the MSD varies linearly with time interval, yielding a line whose slope can be used to calculate the diffusion coefficient (Blainey et al., 2006; Graneli et al., 2006b; Qian et al., 1991) . Of the 125 complexes that were tracked (7.5 hr of diffusion data), 58 displayed linear MSD plots. The remaining 67 deviated from linearity over longer time intervals, in an manner characteristic of bounded diffusion ( Figure 4A ; Movie S3; Supplemental Data; Qian et al., 1991) . A histogram of the diffusion coefficients from all 125 of the MSD plots is shown in Fig Based on hydrodynamic considerations, the theoretical maximum for the 1D diffusion coefficient for a complex approximated as a sphere with a 12.9 nm radius (Stokes radius of QD-Msh2-Msh6 complex; Figure S4 ) that slides on DNA without rotating around the helical axis is D 1,calc = 18.3 mm 2 /s ( Figure S5 and Supplemental Data); this was several orders of magnitude greater than the values observed for Msh2-Msh6. As previously reported (Blainey et al., 2006; Schurr, 1979) , the theoretical maximum for the diffusion coefficient drops to D 1,calc = 0.024 mm 2 /s if the protein must rotate to maintain constant register with the phosphate backbone ( Figure S5 ). Thus the values measured for Msh2-Msh6 were most consistent with diffusive behavior that included a rotational component. This interpretation was in agreement with the available structures, which show that MutS and Msh2-Msh6 make numerous contacts with the phosphate backbone (Lamers et al., 2000; Obmolova et al., 2000; Warren et al., 2007) . To estimate the thermal barrier to Msh2-Msh6 diffusion, we assumed that the complex underwent a step size of 1 bp (although the calculated values are not dependent upon this assumption; Blainey et al., 2006) and rotated as it moved on the DNA (see Supplemental Data). The random walk stepping rate (k lim ) for a sphere with a radius of 12.9 nm is 4.2 3 10 5 steps/s. From these values we calculated the mean activation barrier hDG z i required for the protein to move from one position to the next using the observed stepping frequencies (k obs ), which were determined from the distribution of diffusion coefficients ( Figure S6 ). These calculations yielded an estimated activation energy of 1.57 ± 1.1 k B T required for Msh2-Msh6 to slide from one position to the next as it traveled along the DNA (Berg, 1993; Blainey et al., 2006) . Importantly, because the estimated thermal barrier is not dependent upon the stepping rate, but rather the ratio of the stepping rates, the values are independent of the chosen step size as this parameter affects both k lim and k obs equivalently, and is therefore factored out of the calculation (Supplemental Data; Blainey et al., 2006) . Similar calculations made with the assumption that the protein did not rotate yielded a barrier of 8.3 ± 1.3 k B T. Theoretical predictions suggest that the mean energetic barrier for efficient 1D diffusion cannot exceed z2 k B T (Blainey et al., 2006; Slutsky and Mirny, 2004) . Therefore the observed diffusion coefficients are consistent with a model in which the protein rotates as it travels along the DNA and maintains constant register with the phosphate backbone. However, because our current experiments do not allow us to visualize the rotation itself we cannot completely rule out other alternative explanations for the observed diffusion coefficients. To verify or refute the rotation-coupled diffusion model, we are designing experiments that will enable us to directly visualize the orientation of the proteins relative to the DNA.
The net displacements Msh2-Msh6 relative to the starting positions were distributed symmetrically around the origin, consistent with a random walk ( Figure 4C ). Msh2-Msh6 traveled over an average range of 1.20 mm (3.2 kb) during a 120 s period ( Figure 4D ). The average apparent cumulative distance scanned by Msh2-Msh6 over the 2 min was 34.3 mm (101 kb; Figure 4E ). This is the lower bound of the actual number of bases scanned by the protein because there are likely steps occurring below our current resolution limits. The apparent velocity of the diffusing complexes was calculated from the apparent cumulative distance traversed during the observation divided by the total time and yielded an average of 0.28 mm/s (820 bp/s; Figure 4F ). These observations confirmed that the movement of Msh2-Msh6 was consistent with the physical predictions for 1D diffusion, and illustrated that thermal energy was sufficient to drive rapid movement of Msh2-Msh6 along the DNA.
Msh2-Msh6 Complexes Appear to Be
Topologically Linked to DNA Our results suggested that Msh2-Msh6 could slide while maintaining constant contact with the DNA and argued against a hopping mechanism. Hopping by definition means that the protein is entirely released from DNA, diffuses a short distance through space, and then rebinds the DNA at a nearby location (Berg et al., 1981; Halford and Marko, 2004) . Hopping and sliding can be distinguished from one another by analyzing how the lifetimes and diffusion coefficients of the protein complexes vary at different concentrations of salt (Blainey et al., 2006; Berg et al., 1981) . To verify that Msh2-Msh6 maintained continuous contact with the DNA, we determined the diffusion coefficients and lifetimes of the bound complexes at varying concentrations of NaCl. The lifetimes of the bound Msh2-Msh6 decreased at increasing concentrations of salt, but there were no significant changes in the mean diffusion coefficients ( Figure S3 ). These observations were consistent with a model in which Msh2-Msh6 slid along DNA while maintaining constant contact with the phosphate backbone and argued against hopping as a potential mode of travel along the DNA (Blainey et al., 2006) .
We also reasoned that if Msh2-Msh6 was capable of hops comparable in magnitude to the dimensions of its DNA-binding domains (i.e., a few nanometers), then two proteins traveling along the same DNA would be able to hop past one another. In contrast, if the proteins remained in contact with the duplex at all times then they would be unable to bypass one another due to steric hindrance. To provide further evidence against hopping, we labeled Msh2-Msh6 with differently colored QDs, l em = 565 nm and l em = 705 nm, represented as green and magenta, respectively ( Figure 5A ). We then mixed the different colored proteins together and visualized their behavior on a single DNA substrate. An example of these results is presented as a two-color kymogram illustrating the movement of several different proteins traveling along the same DNA molecule over a 10 min period ( Figure 5B and Movie S4). Similar results were obtained if the different QDs were premixed and then conjugated to Msh2-Msh6. Even though the proteins moved along the DNA, and often collided with one another, the relative order of the different QD signals did not change over time. These experiments demonstrated that the proteins could not bypass one another and were unlikely to experience large hops as they traveled on the DNA.
To further verify that the protein was not hopping, we performed challenge experiments in which a competitor oligonucleotide (100 nM or 1 mM, either with or without a mismatch; corresponding to 20,000-fold or 200,000-fold molar excess [in bp] relative to the amount of l-DNA tethered to the surface) was injected to the sample chamber either along with Msh2-Msh6 or after prebinding Msh2-Msh6 to the l-DNA (data not shown). If Msh2-Msh6 was premixed with the competitor oligonucleotide then we detected no binding to the tethered l-DNA. In contrast, if Msh2-Msh6 was prebound to the l-DNA then the subsequent addition of the competitor oligonucleotide did not cause it to dissociate from the l-DNA. Taken together, our data are consistent with a sliding mechanism in which the proteins remain very closely associated with the DNA; however, we cannot completely rule out the possibility that hops occur on an extremely short time and/or length scale undetectable by our assays.
ADP/ATP Exchange Promotes the Sliding and Release of Msh2-Msh6
We have developed a method for assembling ''DNA curtains'' at defined positions on the bilayer-coated surface of a sample chamber (Supplemental Experimental Procedures; Graneli et al., 2006b ). The DNA molecules that make up the curtain are tethered by a single end, and hydrodynamic force is required to maintain the molecules in an extended configuration confined within the evanescent field. As a consequence, any diffusing proteins are driven in the direction of the flow force and either fall off the ends of the DNA molecules or become trapped behind an immobile protein (Graneli et al., 2006b ; see below). Therefore, this assay is uniquely adapted for studying the immobile population of Msh2-Msh6.
To visualize Msh2-Msh6, labeled protein was injected into the sample chamber along with ADP and incubated for several minutes with the l-DNA curtain, which was sufficient to allow many of the proteins to enter the immobile state. The sample chamber was rinsed to remove unbound Msh2-Msh6, and the remaining proteins were then observed by TIRFM (Figure 6 and Movie S5). Buffer flow was paused (flow ON/OFF control; Figure 6 and Movie S5) to verify that the proteins were bound to the DNA and not simply stuck to the flowcell surface. This procedure caused the DNA molecules to transiently drift out of the evanescent field, but any proteins nonspecifically stuck to the surface remained within view and could be discounted from further analysis. The movies were analyzed to determine the number of proteins on DNA molecules, and 274 complexes were identified in this example ( Figure S7A ). This represents the minimum number of bound Msh2-Msh6 molecules because the force exerted by the buffer would have pushed any diffusing proteins into the immobile proteins, and therefore each spot can be comprised of multiple Msh2-Msh6 complexes.
We next tested the effects of replacing ADP with ATP on the immobile Msh2-Msh6 to see whether the change in nucleotide could stimulate release of the proteins. When the ADP was flushed from the sample chamber and rapidly replaced with ATP (or ATPgS; Figures S7B  and S7C) , most of the proteins (up to 90%) quickly dissociated from the DNA (t 1/2 = 10.2 ± 1.16 s; Figure 6 , Figure S7A , and Movie S5). The observed dissociation kinetics were virtually identical to values reported in bulk studies (Mendillo et al., 2005) . Visual inspection of the data suggested that the dissociation occurred through two mechanisms: either (1) dissociation after sliding (1D diffusion biased in the direction of buffer flow) along the DNA (46.5%; Figure 6C , Figure S7 , and Movie S5) or (2) direct dissociation from the DNA without apparent sliding (35.5%). However, it is possible that proteins that appeared to dissociate directly from the DNA actually slid for a short distance below our resolution limits (300 bps with this assay). This hypothesis is supported by the fact that the dissociation curves for the entire population of proteins could be fit to a single exponential decay, suggesting that there were not two kinetically distinct populations ( Figure S7A ). The proteins traveled an average distance of 10,000 bp prior to dissociating from the DNA molecules ( Figure 6C ). Of the 237 Msh2-Msh6 complexes that clearly slid along the DNA after ADP/ ATP exchange, 88 dissociated from the ends of the DNA whereas 149 dissociated from internal positions prior to reaching the DNA ends. An additional 42 complexes slid along the DNA but did not dissociate, and 50 remained stationary throughout the experiment ( Figure 6C ). These observations demonstrated that the fluorescently labeled proteins were biologically viable and were not irreversibly trapped on the DNA or stuck to the sample chamber surface. 
DISCUSSION
Mechanistic Basis of Msh2-Msh6 Movement along DNA Our results show that Msh2-Msh6 travels freely along the helical axis of undamaged DNA. Several points argue that Msh2-Msh6 moves via 1D diffusion and suggest that this mechanism is an intrinsic property of the protein. First, the movement did not require ATP nor did it require prior binding to a mispaired base. Second, the movement was consistent with physical predictions for diffusion in that it was unbiased and highly redundant and the MSD plots varied linearly with time interval. Third, our experiments rule out alternative scanning mechanisms: we saw no evidence for active translocation; the only random collisions were those necessary for the initial association; intersegmental transfer was unlikely because the DNA was maintained in a physically extended configuration, which would prevent the juxtaposition of two distal sites; and hopping is inconsistent with the finding that the diffusion coefficients were insensitive to salt concentration, different proteins bound to the same DNA were unable to bypass one another, and they were resistant to challenge with excess competitor oligonucleotide. Finally, we have also observed 1D diffusion for E. coli MutS and S. cerevisiae Msh2-Msh3 ( Figure S8 ), suggesting that lateral motion along DNA is a trait shared among the different members of the MutS family.
We propose a model in which variations in the energy landscape allow Msh2-Msh6 to probe for both lesions and strand discrimination signals (possibly nicks; reviewed in Jiricny, 2006) as it slides along the DNA (Figure 7) . A key feature of this model is that initial binding of Msh2-Msh6 yields a stable complex and subsequent events are dominated by lateral movement of the protein along the helix rather than reiterative dissociation and rebinding. This conclusion is consistent with the structures of MutS and Msh2-Msh6, which show that the DNA binding domains completely encircle the bound DNA substrate (Lamers et al., 2000; Obmolova et al., 2000; Warren et al., 2007) . Moreover, the DNA binding and clamp domains of MutS (comprising 36% of the protein) are disordered in structures lacking DNA, and only become ordered in the presence of bound substrate, indicating that the initial binding reaction is coupled to extensive local folding ( Figure 1C ; Spolar and Record, 1994; Lamers et al., 2000; Obmolova et al., 2000) . Electron micrographs of human Msh2-Msh6 also revealed that the clamp domains are splayed open in the absence of substrate (Gradia et al., 1999) . It is reasonable to conclude that the DNA binding and clamp domains would have to at least partially unfold to allow dissociation, and this requirement for a large-scale structural reorganization may account for the long time periods that Msh2-Msh6 is able to slide on DNA.
Importantly, theoretical predictions suggest that diffusion becomes very limited when the roughness of the energy landscape exceeds a threshold of z2 k B T (Slutsky and Mirny, 2004) , suggesting that the mobile to immobile transitions observed in the diffusion trajectories correspond to local minima or deep traps in the landscape that interact favorably with Msh2-Msh6. Previous models for lesion recognition by MutS proteins have invoked the relative ease with which a mismatch can be kinked as a primary determinant enabling lesion recognition (Wang et al., 2003; Yang, 2006) . We envision that intrinsically bent DNA (e.g., poly-dA tracts) and/or more flexible sequences or structures (e.g., mismatches or strand nicks) may serve as deep traps along the energy landscape (Figure 7) , and these traps trigger conformational changes in Msh2-Msh6, causing it to reversibly enter an immobile state.
Our results indicate that Msh2-Msh6 can slide freely along DNA while rotating around the helix and that the barrier for each individual step was on the order of 1.57 ± 1.1 k B T. The precise details of the energy barrier calculations are dependent upon our assumption that the majority of the observed diffusing entities were comprised of a single QD bound by one complex of Msh2-Msh6. Several points agree that this is the case. First, Msh2-Msh6 is well behaved in solution, gel filtration studies of our protein stocks reveal a single peak of the appropriate molecular mass, and these stocks are diluted 1000-fold prior to use. Second, the QDs are well behaved in solution, they show a single peak of the expected size by gel filtration, and prior to use they are purified by gel filtration. Third, We present a biophysical model depicting the proposed interactions between Msh2-Msh6 (magenta) and DNA substrates (cyan). Below the DNA is a hypothetical energy landscape describing its bending propensity (Vlahovicek et al., 2003) , and we speculate that minima in the landscape correlate with regions that are either intrinsically bent or highly flexible. Positions corresponding to deep depressions in the landscape (e.g., lesions or nicks) will interact favorably with the diffusing protein, and the depth of the energy minima will dictate how long the protein remains at any given site. Proteins that locate deep traps can escape in a reaction driven by the exchange of ADP for ATP.
the hydrodynamic properties of the complexes are consistent with expectations for approximately one protein complex per QD. If Msh2-Msh6 formed large aggregates, we would expect to see a greater change in the apparent molecular mass. Fourth, Msh2-Msh6 aggregates would contain numerous HA tags and would therefore bind multiple QDs. To verify that this was not the case we show that the QDs blink, indicating only one QD per protein complex. Finally, when labeled with a mixture of different colored QDs the majority of complexes are a single color. If the protein aggregated then these complexes would show two colocalized signals because they would be labeled with both colored QDs. Taken together, our data suggest that the complexes we observed sliding along the DNA are comprised of one QD conjugated to one molecule of Msh2-Msh6. Nevertheless, we cannot entirely rule out the possibility that some of the QDs may be coupled to more than one molecule of Msh2-Msh6. However, the possible presence of more than one protein per QD in no way alters the overall conclusion that Msh2-Msh6 can travel along the DNA via a mechanism involving 1D sliding.
Biological Implications of Msh2-Msh6 1D Diffusion Msh2-Msh6 completely encircles DNA, and therefore its interactions with nonspecific sequences are dominated by lateral movement rather than reiterative binding and dissociation events. This has important consequences for both the regulation of Msh2-Msh6 and the nature of the in vivo search mechanism. For example, in the absence of a 3D component, the time required to complete the search of a DNA of length N can be approximated as T D1 z N 2 /D 1 , where D 1 is the diffusion coefficient (Gerland et al., 2002) . For S. cerevisiae, where N = 2.4 3 10 7 bp (8160 mm), D 1,calc = 0.25 mm 2 /s (estimated upper limit for Msh2-Msh6 without the QD), and assuming there are on the order of 1000 molecules of Msh2 per cell (i.e., one molecule of Msh2-Msh6 for every 19,512 bp or 6.63 mm of DNA; Ghaemmaghami et al., 2003) , the total time required to scan the entire genome by a purely 1D diffusion mechanism would be just 2.9 min. Sliding alone cannot be the only mechanism involved in scanning DNA because of the difficulty posed by the crowded environment inside of a living cell (Kampmann, 2005) . This can be rationalized by considering that sliding in vivo will be physically impeded by the presence of other DNA-bound proteins, such as nucleosomes, and if the diffusing protein is unable to bypass these obstacles it will inevitably become trapped in a futile search between two stationary roadblocks. However, this problem could be overcome if Msh2-Msh6 was pulled along by a motor protein capable of stripping stationary obstacles (e.g., nucleosomes) from DNA. For example, the replication machinery removes nucleosomes from DNA as the genome is being duplicated, and there are 260 bp of naked DNA behind the progressing fork (Gasser et al., 1996) . Interestingly, Msh2-Msh6 binds to PCNA in vitro (reviewed in Kunkel and Erie, 2005; Jiricny, 2006; and Modrich, 2006) , and human Msh2-Msh6 colocalizes with DNA replication factories in vivo during S phase (Kleczkowska et al., 2001) . Association with the replisome could facilitate Msh2-Msh6 lesion scanning by eliminating any obstacles that might block its path. This also positions Msh2-Msh6 in the ideal location to trail behind the fork and efficiently scan all of the newly replicated DNA as it exits the rear of the polymerase, ensuring that repair could be initiated before loss of the transient signals that allow the protein to distinguish parental and daughter strands (Kunkel and Erie, 2005; Umar et al., 1996; Kleczkowska et al., 2001 ).
Implications of Nucleotide Exchange-Driven Sliding and Release of Msh2-Msh6 When Msh2-Msh6 was bound to DNA in the presence of either ADP or ATP, the interactions with the DNA were dominated by sliding. However, when the reactions were staged with initial binding in the presence of ADP followed by a switch to ATP (or ATPgS) the proteins dissociated through a mechanism involving sliding along the phosphate backbone followed by either dissociation from an internal location or from the DNA ends. These findings are consistent with previous reports of Msh2-Msh6 release from mismatched DNA (Gradia et al., 1999; Mendillo et al., 2005; Jiang et al., 2005; Blackwell et al., 2001) . Although the mechanistic basis for the ADP/ATP exchange-dependent behavior remains unknown, we speculate that the staged delivery of the different nucleotides promotes a rapid and simultaneous conversion of both the Msh2 and Msh6 subunits to the ATP-bound state, enabling the immobile complexes to begin moving along the DNA before dissociation (Mazur et al., 2006) . We emphasize that our experiments were done with l-DNA that did not contain any mispaired bases, and it is possible that the proteins could behave differently when bound to mismatched substrates or when other MMR proteins are present. Nevertheless, the fact that the immobile Msh2-Msh6 rapidly resumed sliding and was eventually released from the DNA after the switch from ADP to ATP demonstrated that these proteins displayed normal biochemical properties and suggested that the immobile population had encountered deep traps in the energy landscape that mimicked damaged DNA. This also indicated that a nucleotide exchange-driven conformational change in the protein allowed it to escape these deep traps and supports the idea that nucleotide exchange destabilizes the ''clamp-like'' binding mechanism, perhaps by eliciting a further conformational change that eventually releases Msh2-Msh6 from the DNA.
In summary, this work directly demonstrates that Msh2-Msh6 can slide on DNA without the need for ATP hydrolysis or mismatch binding. Our results imply that the overall mechanism of mismatch recognition and initiation of repair occurs via Msh2-Msh6 first sliding along DNA (possibly in association with DNA replication factories, as described above) until a lesion is located. Msh2-Msh6 would then stop sliding and remain tightly bound to the DNA upon encountering the lesion as it exited from the rear of the replication fork (i.e., a deep trap along the energy landscape). We speculate that the dwell time at the lesion may allow Msh2-Msh6 to recruit additional MMR proteins required to complete repair. Finally, Msh2-Msh6 would undergo a conformational change driven by the exchange of ADP for ATP, allowing it to continue diffusing along the DNA while searching for strand discrimination signals, presumably in an altered conformation competent to complete downstream steps in the repair path. Additional TIRFM experiments with damaged DNA substrates and other MMR factors will be required to probe further details of these postrecognition steps.
EXPERIMENTAL PROCEDURES Reaction Conditions
For TIRFM experiments, Msh2-Msh6 (100 nM) was mixed with 100-200 nM anti-HA QDs in reaction buffer containing 40 mM Tris-HCl (pH 7.8), 150 mM NaCl, 1 mM MgCl 2 , 1 mM DTT, and 0.2 mg/ml BSA, and reactions were incubated for 15-20 min on ice. Similar results were also obtained at 10:1 QD to protein ratios. The reactions were then diluted to a final volume of 100 ml (2.5-5 nM Msh2-Msh6) immediately prior to injecting the protein into the sample chamber. TIRFM experiments were done using 40 mM Tris-HCl (pH 7.8), 50 mM NaCl, 1 mM MgCl 2 , 1 mM DTT, and 0.2 mg/ml BSA with or without 1 mM nucleotide (ADP or ATP), as indicated. In experiments with fluorescent DNA, 0.5 nM YOYO1 was also included, and this low concentration of dye does not affect the length of the DNA as is the case with much higher concentrations of YOYO1. The labeled proteins were injected into the sample chamber under constant flow, and the unbound proteins were quickly flushed from the sample chamber. To minimize laser-induced DNA damage, an oxygen scavenging system comprised of 0.5% b-mercaptoethanol, 0.1X GLOXY, and 1% glucose was included in the reactions. Approximately 75% of the experiments were performed with YOYO1 present and 25% were performed without YOYO1, and there was no detectable difference in the behavior of the proteins with or without the DNA stain. YOYO1 and the oxygen scavenging system were tested in bulk assays and did not affect the DNA binding or ATPase activity of Msh2-Msh6 (data not shown).
DNA Curtain Assay
Assays with the DNA curtains were performed under essentially the same reaction conditions as described above. The only exception is that buffer was continually flowing through the chamber to maintain the DNA molecules aligned along the edges of the diffusion barriers and visible within the evanescent field. For these assays, Msh2-Msh6 was injected over a period of 5 min in the presence of 1 mM ADP and allowed to bind to the l-DNA. During this time, some of the Msh2-Msh6 stopped sliding and these immobile proteins functioned as barriers behind which any remaining sliding proteins would accumulate. The flowcells were then rinsed for several additional minutes until all of the unbound proteins were removed from the sample chamber. Data collection was then initiated, and all of these experiments consisted of a series of steps beginning with the flow ON/OFF control and followed by switching to buffer containing 2 mM ATP. Movies were collected continuously throughout this procedure.
All additional details of experimental procedures, calculations, movies, and further discussion are provided as Supplemental Data online.
Supplemental Data
Supplemental Data include Supplemental Discussion, Supplemental Experimental Procedures, Supplemental References, eight figures, and five movies and can be found with this article online at http:// www.molecule.org/cgi/content/full/28/3/359/DC1/.
